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expression at a postintegration step

Aurélie Mousnier*, Nicole Kubat'™, Aurélie Massias-Simon*, Emmanuel Ségéral'*, Jean-Christophe Rain$,
Richard Benarous'*, Stéphane Emiliani**7, and Catherine Dargemont*!

*Institut Jacques Monod, Centre National de la Recherche Scientifique, Universités Paris 6 et 7, F-75251 Paris, France; and fInstitut Cochin, Université Paris
Descartes, Centre National de la Recherche Scientifique, Unite Mixte de Recherche 8104, *Institut National de la Santé et de la Recherche Médicale, U567,

and SHybrigenics, F-75014 Paris, France

Edited by Arthur Horwich, Yale University School of Medicine, New Haven, CT, and approved July 2, 2007 (received for review June 1, 2007)

HIV-1 integrase, the viral enzyme responsible for provirus integra-
tion into the host genome, can be actively degraded by the
ubiquitin-proteasome pathway. Here, we identify von Hippel-
Lindau binding protein 1(VBP1), a subunit of the prefoldin chap-
erone, as an integrase cellular binding protein that bridges
interaction between integrase and the cullin2 (Cul2)-based von
Hippel-Lindau (VHL) ubiquitin ligase. We demonstrate that VBP1
and Cul2/VHL are required for proper HIV-1 expression at a step
between integrase-dependent proviral integration into the host
genome and transcription of viral genes. Using both an siRNA
approach and Cul2/VHL mutant cells, we show that VBP1 and the
Cul2/VHL ligase cooperate in the efficient polyubiquitylation of
integrase and its subsequent proteasome-mediated degradation.
Results presented here support a role for integrase degradation
by the prefoldin-VHL-proteasome pathway in the integration-
transcription transition of the viral replication cycle.
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ntegration of the HIV-1 genome into host chromosomes consti-

tutes a crucial step for productive infection by retroviruses (1).
After cell entry and uncoating of the viral capsid, the genomic
HIV-1 RNA is reverse-transcribed into linear dsDNA that assem-
bles with cellular and viral proteins including integrase (IN) to form
the preintegration complex. Nuclear import of this large nucleo-
protein complex allows the viral DNA to integrate into host
chromosomes, thus leading to transcription and expression of viral
genes. Although IN has been reported to participate in noninte-
grative steps of the viral replication cycle, such as reverse transcrip-
tion (2-6), viral DNA nuclear import (7-9), and viral particle
production (10), IN undoubtedly catalyzes viral genome integra-
tion. IN forms a tetramer stably associated with a pair of viral DNA
ends (11) and catalyzes two distinct steps of the integration process.
The first step, called 3’ processing, corresponds to the removal of
two nucleotides from each 3’ end of the viral DNA (1, 12) and
precedes the strand-transfer reaction in which the 3'-processed viral
DNA ends are covalently joined to the target DNA (13). The
integration process is finally accomplished by cleavage of unpaired
dinucleotides from the 5" ends of viral DNA and repair of single-
stranded gaps created by the strand-transfer reaction between viral
and target DNA (14-16). Unlike 3’ processing and strand-transfer
reactions, gap repair is not mediated by IN but has rather been
proposed to be carried out by host-DNA repair enzymes that are
not yet clearly defined. Furthermore, it has been proposed that gap
repair requires active disassembly of IN from strand-transfer prod-
ucts by as of yet unknown mechanisms (11, 17).

To identify cellular factors that participate in or interfere with
viral integration, cellular proteins interacting with IN have been
screened for and characterized (18-22). In particular, the tran-
scriptional coactivator lens epithelium-derived growth factor/
transcription coactivator p75 (LEDGF/p75) has been reported
to tether IN to chromosomes (23, 24) and to contribute to the
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targeting of viral DNA to preferential integration sites (25).
Other cellular proteins also participate in the HI'V-1 integration
process in the context of a host-cell infection but still await
further characterization (26, 27).

IN has been shown to be actively degraded by the ubiquitin—
proteasome pathway (24, 28-30). Ubiquitin conjugation is ac-
complished through an enzymatic cascade with ubiquitin first
being activated by a unique E1 enzyme, transferred from E1 to
an E2 ubiquitin conjugating enzyme, which then transfers the
ubiquitin to a lysine residue on the substrate in conjunction with
an E3 ubiquitin-protein ligase that provides substrate specificity.
Two main classes of E3 ligases have been characterized: homol-
ogous to E6-AP C terminus (HECT)-type E3s display catalytic
activity, whereas single or multisubunit RING-H2-type E3s
promote ubiquitinylation by positioning the activated E2 in close
proximity to the substrate. Cullin-RING complexes comprise
the largest known class of ubiquitin ligases. Ubiquitin may be
attached to proteins as a monomer or as polymers that lead to
many distinct functions, but lysine 48-linked polyubiquitin chains
promote recognition by the 26S proteasome and degradation of
the polyubiquitylated protein. HIV-1-processed IN, excised
from the Gag-Pol polyprotein by the viral protease, presents an
N-terminal phenylalanine, which serves as a degradation signal
also called N-degron, recognized by the N-end rule ubiquitin—
proteasome degradation pathway (30). When this phenylalanine
is preceded by a methionine, thereby masking the N-end rule
degradation signal, or in cells depleted for the N-end rule-
specific ubiquitin ligases UBR1, 2 and 4, an alternative but yet
uncharacterized pathway also leads to IN ubiquitin-mediated
degradation (24, 28, 29, 31). However, the precise function of this
active IN turnover in the viral life cycle has not been elucidated
so far.

Author contributions: A.M. and N.K. contributed equally to this study; A.M., N.K., J.-C.R.,
R.B., S.E., and C.D. designed research; A.M., N.K., A.M.-S,, E.S., J.-C.R., and S.E. performed
research; A.M. contributed new reagents/analytic tools; A.M., N.K., A.M.-S., J.-C.R., R.B.,
S.E., and C.D. analyzed data; and A.M., S.E., and C.D. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Abbreviations: VHL, von Hippel-Lindau; VBP1, von Hippel-Lindau binding protein 1; pVHL,
VHL protein; IN, integrase; IN-HA, HA-tagged IN; Cul2, cullin2; LEDGF/p75, lens epithelium-
derived growth factor/transcription coactivator p75; NL4-3AenvLuc VSVg, NL4-3Aenv virus

pseudotyped with VSV-G envelope and containing the luciferase gene inserted into the nef
gene.

TTo whom correspondence may be addressed at: Département des Maladies Infectieuses,
Institut Cochin, 27 Rue du Faubourg Saint Jacques, Batiment Gustave Roussy, F-75014 Paris,
France. E-mail: emiliani@cochin.inserm.fr.

ITo whom correspondence may be addressed at: Institut Jacques Monod, UMR7592 CNRS,
Universités Paris 6 et 7, 2 Place Jussieu, Tour 43, F-75251 Paris Cedex 05, France. E-mail:
dargemont@ijm.jussieu.fr.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0705162104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | August 21,2007 | vol. 104 | no.34 | 13615-13620

>
3
=
4]
=
i
X
o
e
)



http://www.pnas.org/cgi/content/full/0705162104/DC1
http://www.pnas.org/cgi/content/full/0705162104/DC1

Lo L

P

1\

BN AS DN AS P

In this article, we identify an IN-interacting protein, von
Hippel-Lindau binding protein 1 (VBP1), a component of the
prefoldin chaperone, and we provide evidence indicating that
VBP1 targets IN for cullin2 (Cul2)-von Hippel-Lindau (VHL)
ubiquitin ligase-mediated polyubiquitylation and subsequent
degradation by the 26S proteasome. We also show that VBP1 is
involved in HIV-1 gene expression after the strand-transfer
reaction where it is required to allow proper transcription of the
viral genome.

Results

VBP1 Is an Integrase Cellular-Binding Partner. To identify cellular
proteins that participate in or interfere with IN-mediated HIV-1
integration into the host genome, we used HIV-1 YU2 IN as a
bait in a yeast two-hybrid assay to screen two highly complex
cDNA libraries generated by using the human T lymphoblastic
(CEM T) cell line. By this approach, multiple overlapping
fragments of the VBP1 gene were identified [10 different
fragments with an oligo(dT)-primed library and 1 fragment with
a random-primed library], mostly containing the full-length
VBP1 coding sequence (data not shown). Conversely, screening
a highly complex library of HIV-1 random fragments by using
VBP1 as bait led exclusively to the identification of the IN gene,
indicating that IN is the unique target of VBP1 within the HIV-1
viral genome. In addition, alignment of the IN-interacting
fragments revealed that IN binds VBP1 through residues 43-195
of IN, a region mainly included in its catalytic core domain
(Fig. 14).

Specific interaction between IN and VBP1 was further ana-
lyzed by coimmunoprecipitation assays in cells expressing both
HA-tagged IN (IN-HA) and Myc-tagged VBP1 (Fig. 1B Left).
For this purpose, HeLa cells stably expressing an HA-tagged
version of IN were transiently transfected with an Myc-VBP1
expression vector. In agreement with the two-hybrid data,
Myc-VBP1 specifically coimmunoprecipitated with IN-HA (Fig.
1B Left), thus clearly indicating the interaction of HIV-1 IN with
a previously unrecognized cellular partner, VBP1.

VHL Protein (pVHL) Interacts with Integrase in a VBP1-Dependent
Manner. VBP1 was initially characterized as a partner of pVHL,
the substrate recognition component of the Cul2/VHL ubiquitin
ligase complex, also composed of elongin C, elongin B, Cul2, and
the RING finger protein, Rbx1 (32, 33) (data not shown).

Coimmunoprecipitation assays showed that transiently ex-
pressed Myc-pVHL specifically interacted with IN-HA (Fig. 1B
Right). This interaction was significantly reduced upon siRNA-
based inactivation of VBP1 endogenous expression, thus indi-
cating that IN-pVHL interaction requires VBP1 (Fig. 1C).

These results demonstrate that IN interacts with both VBP1
and the ubiquitin ligase complex component pVHL, and that
interaction with pVHL is bridged by VBP1.

VBP1-Containing Prefoldin and VHL Ubiquitin Ligase Participate in
HIV-1 Gene Expression. To address the potential role of VBP1 and
pVHL during HIV-1 replication, we analyzed the effect of VBP1
or pVHL knockdown on HIV-1 replication in a single-round
assay where HeLa cells were infected with a NL4-3Aenv virus
pseudotyped with VSV-G envelope and containing the lucif-
erase gene inserted into the nef gene (NL4-3AenvLuc VSVg).
HeLa cells were first transfected with siRNA and infected, and
luciferase activity was measured 48 h after infection. In this
assay, reduction of VBP1 or pVHL expression by specific
siRNAs resulted in a highly significant decrease in luciferase
activity. Compared with cells treated with a control nontargeting
siRNA, luciferase activity decreased 3.7- to 12-fold by using two
different siRNA directed against VBP1 and 2.8-fold with pVHL-
directed siRNA (Fig. 24 and data not shown). These results
indicate that VBP1 and pVHL are involved in HIV-1 replication
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Fig. 1. VBP1 specifically interacts with HIV-1 IN and mediates IN-pVHL
interaction. (A) A yeast two-hybrid screening of a highly complex library of
HIV-1 random fragment was performed by using VBP1 as bait. All obtained
clones contained the IN gene, and their alignment allows the mapping of a
VBP1 interacting domainin IN sequence located between residues 43 and 195.
(B) HelLa cells or IN-HA cells (HeLa cells stably expressing IN-HA) were trans-
fected with Myc-VBP1 or Myc-pVHL expression plasmids. Equal amounts of
total cellular proteins (lysates) were immunoprecipitated by using anti-HA
antibody. Immunoprecipitated proteins were then analyzed by Western blot-
ting with anti-HA or anti-Myc antibody. (C) IN-HA cells were transfected with
VBP1-specific (VBP1) or control luciferase (luc)-directed siRNA, prior to trans-
fection with Myc-pVHL expression plasmid. After immunoprecipitation with
anti-HA antibody, immunoprecipitates, as well as endogenous VBP1 and
transfected Myc-pVHL in cell lysates, were analyzed by Western blotting by
using anti-HA, anti-Myc, or anti-VBP1 antibodies, as indicated. Signals were
quantified by densitometric analysis of the scanned autoradiographic films by
using Image) software and revealed a 69% decrease of the coimmunopre-
cipitated Myc-pVHL/immunoprecipitated IN-HA ratio in the VBP1 siRNA-
treated cells compared with the control cells.

at a step(s) occurring after viral entry up to and including
translation of Nef-coding mRNA.

In addition to its ability to bind pVHL, VBP1 also functions
as a subunit of the heterohexameric molecular chaperone pre-
foldin with VBP1 being identified as prefoldin 3 (34). The
prefoldin complex binds to nonnative target proteins, such as
actin and tubulin proteins, and transfers them to another chap-
erone, the cytosolic chaperonin CCT2 (chaperonin containing
TCP-1, subunit 2; also termed c-cpn or TriC), which facilitates
their correct folding (34, 35). To investigate the influence of
prefoldin and CCT2 chaperones on HIV-1 replication, expres-
sion of different subunits of prefoldin or CCT2 was knocked
down by using specific siRNAs before infection with NL4-
3AenvLuc VSVg virus. As shown in Fig. 24, affecting the
expression of prefoldin and CCT2 decreased HIV-1 gene ex-
pression by 50-85% as measured by luciferase activity.

To determine whether pVHL was involved in HIV-1 replica-
tion as a component of the Cul2/VHL ligase complex, we
analyzed the effect of a decreased expression of the Cul2/VHL

Mousnier et al.
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Fig.2. VBP1andthe Cul2/VHLligase areimportant for HIV-1 gene expression
ata postintegration step. (A) Hela cells were transfected with siRNAs directed
against indicated targets or control nontargeting (Ctrl) siRNA. Cells were
subsequently infected with NL4-3AenvLuc VSVg virus, and luciferase activity
was monitored in cell lysates 48 h after infection. (B) HeLa cells were trans-
fected with either VBP1-directed (VBP1) or control nontargeting siRNA as
indicated. Cells were subsequently infected with NL4-3AenvLuc VSVg virus or
mock-infected, in the presence or absence of 3'-azido-3’-deoxythymidine, and
luciferase activity was monitored in cell lysates. At different time points, DNA
was extracted and subjected to real-time PCR analysis to quantify total viral
DNA and integrated proviral DNA. (C) HeLa cells were transfected with either
VBP1-directed, luciferase (luc)-directed, or control nontargeting siRNA as
indicated. Cells were subsequently infected with NL4-3AenvLuc VSVg virus or
mock-infected, in the presence or absence of 3'-azido-3’-deoxythymidine, and
luciferase activity was monitored in cell lysates. Both DNA and RNA were
extracted from each sample and subjected to real-time PCR or RT-PCR, respec-
tively. Multiply spliced viral mRNAs (~1.8 kb size class viral mRNAs) were
selectively amplified by using a reverse primer encompassing the junction
between the donor D4 and acceptor A7 splice sites involved in the formation
of tat, rev, and nef mRNA. Integrated provirus and multiply spliced mRNAs
were quantified for each sample. The scheme under the graphs represents the
genetic organization of the HIV-1 genome and the ~1.8-kb size class viral
transcripts tat, rev, and nef (black bars) selectively amplified with the forward
multiply spliced (FMS) and reverse multiply spliced (RMS) primers (arrows).

ligase complex on HIV-1 gene expression and found that
silencing Rbx1 and elongin B expression also reduced luciferase
activity by 55-65% of the control (Fig. 24).

These results thus indicate that interaction between IN, VBP1,
and pVHL as identified by two-hybrid and coimmunoprecipita-
tion approaches is relevant in the context of HIV-1 replication
and that both prefoldin and Cul2/VHL ubiquitin ligase com-
plexes are required for proper HIV-1 gene expression.

VBP1 Controls HIV-1 Expression at a Postintegration Step. To further
characterize the step of the virus life cycle affected by VBP1
knockdown, we measured the levels of total HIV-1 DNA and
integrated forms of proviral DNA by quantitative PCR using cell
extracts from siRNA-transfected cells subsequently infected
with NL4-3AenvLuc VSVg virions. As shown in Fig. 2B, VBP1-
targeting siRNA did not significantly affect the amount of total

Mousnier et al.

reverse-transcribed HIV-1 cDNA nor integrated provirus, com-
pared with control siRNA, whereas a 14-fold reduction of
luciferase activity was measured after VBP1 knockdown. These
data, therefore, suggest that VBP1 is involved after the strand-
transfer step of proviral DNA integration.

We next evaluated the impact of VBP1 knockdown on the
transcriptional activity of integrated provirus. Cells were first
transfected with siRNA and subsequently infected with NL4-
3AenvLuc VSVg virions. Forty-eight hours after infection, in-
tegrated proviral DNA was quantified for each sample by
real-time PCR and the expression level of multiply spliced (~1.8
kb size class) viral mRNAs was quantified by real-time RT-PCR
(Fig. 2C). As expected, inhibition of reverse transcriptase by
3'-azido-3'-deoxythymidine resulted in the inhibition of the
integration of both proviral DNA and its subsequent transcrip-
tion. Compared with a control siRNA, an siRNA targeting the
luciferase gene carried by the virus did not affect proviral
integration but led to a strong decrease of multiply spliced viral
mRNAs because of the siRNA-mediated degradation of newly
synthesized viral transcripts. Importantly, VBP1 knockdown
almost completely inhibited expression of viral multiply spliced
RNA with a decrease of 72-fold, although no difference in the
amount of integrated provirus was detected (Fig. 2C). VBP1 is,
therefore, required for the proper transcription of viral genes by
acting after the strand-transfer step of proviral DNA integration.

Integration Is Required Before Transcriptional Control of HIV-1 by
VBP1. To analyze whether VBP1 controls the transition between
integration of the viral DNA into the host genome and tran-
scription or rather exerts a general effect on the transcription
process, we first compared the effect of sSiRNAs on viral genome
expression either after single-round infection and genome inte-
gration or after genome transfection. For this purpose, siRNA-
transfected HeLa cells were either infected with HIV-1 NL4-
3AenvLuc VSVg virions or transfected with a plasmid encoding
the HIV-1 NL4-3AenvLuc genome, and luciferase activity was
measured 48 h later (Fig. 34). As a control, luciferase-targeted
siRNAs inhibited HIV-1 expression in both conditions. Simi-
larly, decreasing expression of cyclin T1, a factor required for the
transcriptional elongation of HIV-1 genes, severely affected
HIV-1 expression from both transfected and integrated genome.
In contrast, VBP1 knockdown had no effect on HIV-1 expres-
sion from the transfected plasmid pNL4-3AenvLuc (Fig. 34
Right), whereas viral expression was decreased 10-fold upon
infection of cells treated with VBP1-targeted siRNAs (Fig. 34
Left). These results thus show that VBP1 is not involved in HIV
gene expression when the integration step is by-passed by direct
transient transfection of the viral genome.

To test whether the effect of VBP1 depends on integrase-
dependent or -independent integration, we used distinct clones
stably transfected with luciferase gene under the control of
HIV-1 promoter and measured the Tat-induced transcription of
luciferase gene (36). Luciferase or cyclin T1-targeted siRNAs
strongly inhibited luciferase expression, whereas silencing VBP1
but also pVHL in these cells had no major effect on Tat-
mediated transactivation of the integrated HIV-1 promoter per
se (Fig. 3B and data not shown for other independent clones).
Together, these data indicate that VBP1 and Cul2/VHL do not
directly interfere with the transcription machinery but are
required for HIV1 gene expression when the viral genome had
been integrated through an integrase-dependent pathway.

VBP1-Containing Prefoldin and VHL Ubiquitin Ligase Are Involved in
Integrase Ubiquitylation and Degradation. The well known involve-
ment of the Cul2/VHL ubiquitin ligase complex in the ubiquitin-
mediated degradation of cellular targets, particularly the a-sub-
units of the hypoxia-inducible transcription factor (HIF), led us
to test whether VBP1 and Cul2/VHL control IN degradation.
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Fig.3. Integration is required before transcriptional control of HIV by VBP1.
(A) Hela cells were transfected with indicated siRNAs and subsequently
infected with NL4-3AenvLuc VSVg virus (Left) or transfected with a plasmid
encoding the NL4-3AenvLuc genome (Right). Luciferase activity was moni-
tored in cell lysates 48 h after infection or transfection. (B) HeLa LTR-Luc cells
were first transfected with indicated siRNAs and subsequently transfected
with the indicated amount of a plasmid encoding Tat. Luciferase activity was
monitored in cell lysates 48 h after transfection.

Pulse—chase assay showed that IN-HA was a very unstable
protein with an estimated half-life of 11 min (Fig. 44). Similar
results were obtained by treatment of IN-HA cells with cyclo-
heximide that led to a 23-min half-life (Fig. 4B). In addition, a
3-h treatment with the proteasome inhibitor MG-132 resulted in
the 40-fold accumulation of IN-HA protein levels. It also led to
the accumulation of ubiquitylated forms of IN (Fig. 4D). These
results are consistent with previous reports showing that pro-
teasome inhibition leads to an inhibition of IN degradation (24,
28-30). Mutational analysis of lysine residues indicated that
replacing lysine 211, 215, 219, or 273 with arginines slowed down
degradation of IN by a factor of 3 (data not shown), thus
suggesting that these residues represent the major targets for
ubiquitin-mediated degradation.

To determine whether VBP1 and Cul2/VHL control IN
turnover, IN-HA stability was analyzed in cells treated with
VBP1 or Cul2/VHL complex-directed siRNAs. Representative
data from five to seven independent experiments revealed that
knockdown of VBP1, pVHL, or Cul2 expression by specific
siRNA resulted in a slower IN degradation compared with
control cells treated with a control siRNA. Notably, IN half-life
increased from 23 min in control cells to 65, 49, and 62 min in
VBP1, pVHL, and Cul2 siRNA-treated cells, respectively (Fig.
4B). IN was also stabilized, although to a lower extent, upon
knockdown of prefoldin 5 and CCT2 [supporting information
(SI) Fig. 5].

13618 | www.pnas.org/cgi/doi/10.1073/pnas.0705162104
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Fig. 4. Prefoldin and Cul2/VHL complexes are involved in the ubiquitin—
proteasome-dependent degradation of IN. (A) IN-HA cells were pulse-labeled
with [3°S]methionine/cysteine and subsequently chased for indicated time
periods prior to immunoprecipitation by using anti-HA antibody. Immuno-
precipitated proteins were analyzed by SDS/PAGE and fluorography. IN-HA
and a stable contaminating protein (*) reflecting loading are visualized.
Quantifications of two independent experiments resulted in an estimated IN
half-life of 11 min. (B) IN-HA cells were transfected with siRNA specifically
directed against VBP1 (VBP1a), pVHL, or Cul2 or with control luciferase
(luc)-directed siRNA. Cells were subsequently treated with the protein syn-
thesis inhibitor cycloheximide (100 wg/ml) for the indicated periods of time
prior to lysis, and analyzed by Western blotting with anti-HA antibody and
anti-a-tubulin antibody as an internal control. The effect of siRNAs on protein
expression was monitored with specific antibodies. Chemiluminescence of the
blots was acquired with a Fuji CCD camera (Kanagawa, Japan). For each
condition, the IN-HA chemiluminescence signal was quantified by using Image
Gauge software and normalized to the a-tubulin signal. Results from five to
seven independent experiments are represented on the right. (C) pVHL-
negative RCC4 cells stably transfected with pVHL (RCC4+pVHL) or not (RCC4)
were transiently cotransfected with IN-HA and GFP expression plasmids. Cells
were subsequently treated with cycloheximide (100 pwg/ml) for the indicated
times prior to lysis. Equal amounts of total protein lysates were then analyzed
by Western blotting with anti-HA and anti-GFP antibodies. Chemilumines-
cence of the blots was quantified as in B, and the IN-HA signal was normalized
to the GFP transfection control signal. (D) IN-HA or HelLa cells were transfected
indicated siRNAs and subsequently treated with the proteasome inhibitor
MG-132 (20 uM) or DMSO prior to lysis. Equal amounts of total cellular
proteins were immunoprecipitated by using anti-HA antibody. Immunopre-
cipitated proteins were analyzed by Western blotting with anti-HA or anti-
ubiquitin antibody (IP HA). VBP1 expression in cell lysates was monitored by
anti-VBP1 immunoblotting (lysates).

To confirm the role of pVHL in IN degradation, IN turnover
was analyzed in the renal cell carcinoma cell line RCC4, which
is deficient in pVHL expression. For this purpose, an IN-HA
expression plasmid was transiently transfected into RCC4 cells

Mousnier et al.
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together with a GFP-encoding vector as an internal control for
transfection, and IN degradation was monitored by Western
blotting after cycloheximide cell treatment. Quantification of
GFP and IN protein levels showed that IN was stabilized in
RCCH4 cells, even after translation inhibition with cycloheximide
(Fig. 4C). In contrast, expression of pVHL in RCC4 cells
partially restored IN degradation (Fig. 4C) with a 36% decrease
in the IN protein level after a 3-h treatment with cycloheximide.
Together, these results indicate that IN stabilization in RCC4
cells results from an altered Cul2/VHL-mediated degradation
pathway, at least to some degree.

To further characterize the role of VBP1 and Cul2/VHL in IN
turnover, their effect on IN ubiquitylation was specifically ana-
lyzed. Notably, cell treatment with the proteasome inhibitor
MG-132 led to the accumulation of polyubiquitylated IN, indi-
cating that polyubiquitylation of IN precedes its degradation by
the proteasome (Fig. 4D). Silencing VBP1 or Cul2/VHL resulted
in a 40-55% reproducible decrease in the accumulation of
polyubiquitylated forms of IN after proteasome inhibition (Fig.
4D). These data thus clearly show not only that both VBP1 and
the Cul2/VHL ligase complex participate in the ubiquitylation of
IN before its proteasome-mediated degradation but also strongly
suggest that Cul2/VHL is a key ubiquitin ligase responsible for
IN ubiquitylation and that VBP1 may allow the prefoldin
chaperone to target IN to the Cul2/VHL ligase. Finally, we
mutated target lysine residues for ubiquitin-mediated degrada-
tion in the context of the full-length virus and analyzed the
infectivity of the resulting virus. Although lysine 273 is shared
with the HIV-1 vif protein and cannot be mutated in the viral
context, mutation of lysines 211, 215, and 219 into arginine
already led to a 60% decrease of viral infectivity (SI Fig. 6), a
result that corroborates a role for ubiquitin-mediated degrada-
tion in HIV-1 replication.

Taken together, these results support the notion that VBP1
and Cul2/VHL strictly act at a postintegration step of HIV-1
replication by regulating the level of transcription of integrated
provirus. However, VBP1 is not required for HI'V transcription
when the integrase-dependent integration step is by-passed by
direct transfection of the viral genome. Because (i) HIV-1
integrase catalyzes integration of the viral genome into the host
genome, (i/) VBP1 (and VHL) does not affect integrase activity
but controls integrase stability, and (i) no viral target other than
integrase has been found for VBP1, VBP1/VHL-mediated IN
degradation is likely required for the proper transcription of viral
genes.

Discussion

HIV-1 IN has been reported to be degraded by the ubiquitin—
proteasome system in an N-end-rule-dependent and -indepen-
dent pathway (24, 28-31). Here, we show that the prefoldin
chaperone subunit VBP1 specifically interacts with IN and
mediates IN interaction with pVHL, a substrate-specific adaptor
of the Cul2-based VHL ubiquitin ligase. The prefoldin chaper-
one and the Cul2/VHL ligase mediate IN polyubiquitylation that
leads to subsequent proteasome-dependent degradation. By
delivering IN to Cul2/VHL, the prefoldin chaperone would thus
target its protein substrate IN for ubiquitin—proteasome degra-
dation, thus contrasting with its well described function in
protein folding. Previously, prefoldin has been reported to
mediate folding of protein substrates such as actin and tubulin by
specifically targeting these substrates to the CCT chaperonin (34,
35, 37). Our data now suggests that prefoldin plays a pivotal role
in a “folding versus degradation” checkpoint by cooperating with
both other chaperones and the ubiquitin—proteasome system.
Respective roles of prefoldin and Cul2/VHL ligase in IN ubiq-
uitylation can be compared with the functions of Hsp70 or Hsp90
chaperones and CHIP ubiquitin ligase in sorting specific sub-
strates to the proteasome. Besides their role in protein folding,
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Hsp70 and Hsp90 chaperones have been reported to trigger
polyubiquitylation and proteasomal degradation of glucocorti-
coid receptor (GR) or cystic fibrosis transmembrane conduc-
tance regulator (CFTR) by directly recruiting the CHIP E3
ligase (38). Data presented here thus provide another illustration
of the tight link between protein folding and protein degradation
machineries.

IN was previously reported to be protected from proteasome-
mediated degradation by two cellular binding partners, LEDGF/
p75 and hRad18 (20, 29). Interestingly, the VBP1-binding do-
main of IN as defined here (between residues 43 and 195)
includes the p75-interacting domain (24, 39). Moreover, screen-
ing a two-hybrid library of HIV-1 IN random mutants by using
LEDGF/p75 or VBP1 as a bait led to the identification of
different mutations in the IN catalytic core domain, impairing its
interaction with both LEDGF/p75 and VBP1 (S.E., J.-C.R., and
R.B., unpublished data). These data are thus consistent with an
overlapping binding domain of both cellular proteins within IN.
LEDGF/p75 may indeed protect IN from proteasome degrada-
tion by masking its interaction site with VBP1. It is worth noting
that VBP1 knockdown does not affect the intracellular distri-
bution of IN or its tethering to mitotic chromosomes (data not
shown), suggesting that interaction with VBP1 might occur after
IN has been targeted to chromatin in a LEDGF/p75-dependent
manner.

Analysis of the effect of VBP1 and pVHL knockdown upon
cell infection with NL4-3AenvLuc VSVg virions clearly indicates
that both cellular proteins participate in HI'V-1 gene expression.
Interestingly, we found that reduction of VBP1 expression by
RNAI specifically inhibited viral transcription without signifi-
cantly affecting the amount of reverse-transcribed viral DNA or
integrated proviral DNA. Although we cannot definitely exclude
a role of VBP1 in regulating transcription by recruiting tran-
scriptional coactivators to the integrated HIV promoter, no
effect of VBP1 knockdown could be observed on HIV-1 pro-
moter-driven transcription when the integrase-dependent inte-
gration step is by-passed by direct-transient or stable transfec-
tion. These data, therefore, strongly suggest that VBP1 and VHL
are required for the proper transition between integration and
transcription of the viral genome. In addition, screening a highly
complex library of HIV-1 random fragments by using VBP1 as
bait led exclusively to the IN gene indicating that IN is the unique
target of VBP1 within proteins encoded by the HIV-1 viral
genome. Together, these data support a role for VBP1 in HIV-1
replication, mediated by its interaction with IN, and strongly
suggest that IN degradation by the prefoldin-VHL-proteasome
pathway would play an important role for efficient transcription
of viral genes after IN-catalyzed integration of the proviral DNA
into the host genome is accomplished.

IN degradation may be necessary for the correct repair of the
integration intermediate by cellular enzymes and consequently
for viral transcription. Requirement for an active IN disassembly
from the strand-transfer products prior to gap repair has already
been suggested by in vitro studies (11, 17). Such a requirement
of IN degradation prior to repair is likely to be unique. Rear-
rangement of the Ig and T cell receptor genes is initiated by the
IN-related recombinase RAG1/2, which introduces dsDNA
breaks at recombination signal sequences that are subsequently
joined by the cellular nonhomologous DNA end-joining (NHEJ)
machinery. After cleavage, the RAG1/2 recombinase remains
tightly bound to the recombination signal sequence ends and
sequesters them from the repair machinery (40, 41). Specific
remodeling or disassembly of this complex has been proposed to
allow the joining to proceed (42). Furthermore, whereas RAG1
autoubiquitylation has been suggested to assist remodeling of the
postcleavage complex (43), RAG2 has been found to undergo
Skp2-SCF-mediated ubiquitylation and degradation (44),
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thereby suggesting that RAG1/2 ubiquitylation might promote
joining of the cleaved recombination signal sequence.

A role for remodeling in transposition/integration processes
catalyzed by the polynucleotidyl transferase family of enzymes is
also illustrated during transposition of the Escherichia coli phage
Mu. This process is catalyzed by the bacteriophage-encoded MuA
transposase that remains tightly bound to the strand-transfer prod-
uct at the Mu DNA ends after the strand-transfer reaction, thereby
inhibiting assembly of the bacterial DNA-replication machinery
and lytic growth (45). The recombination-replication transition of
the Mu life cycle requires destabilization of the MuA-DNA com-
plex by the bacterial chaperone molecule ClpX, which unfolds and
releases a subset of MuA subunits from the strand-transfer com-
plex, thus allowing recruitment of the replication machinery (46—
49). Similarly to Mu transposition, IN disassembly from the proviral
DNA ends by the prefoldin~-VHL~-proteasome machinery after
HIV-1 integration could be required for viral transcription to
proceed. Furthermore, a protective effect mediated by LEDGF/p75
or hRadl8 against IN degradation could be compared with a
function of the phage transposition activator MuB that prevents
MuA remodeling during the recombination process through a MuA
binding site overlapping ClpX binding sequence (50).

In conclusion, findings reported here support the notion that
the regulation of HI'V-1 IN stability plays a major role at specific
and crucial steps of the viral replication cycle. A thorough
understanding of the consequences of the prefoldin-VHL-
mediated IN degradation on remodeling of the strand-transfer
complex is likely to provide insights into the integration—
transcription transition of the viral life cycle.
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Methods

Two-hybrid screenings using HIV-1 integrase as bait were
performed as described in ref. 24.

To create the HA epitope-tagged IN-expression construct
pcDNA3-INsalaHA, the FLAG epitope of the pCEP-
INsalaFLAG construct (18) was replaced by the HA epitope
(GYPYDVPDYA).

Plasmid constructions, primers, siRNA, and conditions for cell
culture and transfection and infection assays are detailed in S/
Text.

Experimental procedures that were used for the analysis of
integrase ubiquitylation and degradation, as well as for the
quantification of viral DNA and RNA, are precisely described in
SI Text.
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